Raw signal simulation is a useful tool for synthetic aperture radar (SAR) system design, mission planning, processing algorithm testing, and inversion algorithm design. Time and frequency synchronization is the key technique of bistatic SAR (BiSAR) system, and raw data simulation is an effective tool for verifying the time and frequency synchronization techniques. According to the two-dimensional (2-D) frequency spectrum of fixed-receiver BiSAR, a rapid raw data simulation approach with time and frequency synchronization errors is proposed in this paper. Through 2-D inverse Stolt transform in 2-D frequency domain and phase compensation in range-Doppler frequency domain, this method can significantly improve the efficiency of scene raw data simulation. Simulation results of point targets and extended scene are presented to validate the feasibility and efficiency of the proposed simulation approach.
INTRODUCTION
BiSAR is characterized by placing transmitter and receiver on separate platforms. By using appropriate bistatic configurations, it can achieve additional benefits like improving feature extraction, increasing surveillance for applications in conflict areas, etc. However, as antenna, oscillator, frequency synthesizer and timer are not shared in bistatic radar, so one of the biggest technological challenges of BiSAR operation lies in the time and frequency synchronization between the two independent radars. Raw data simulation can be useful for evaluating different processing algorithms, studying the effects of time and frequency synchronization errors, etc. Usually, raw data simulation of discrete point targets is sufficient for testing imaging algorithms and analyzing imaging performances. But when image ambiguity and interferometric processing algorithms are interested, scene raw data simulations have to be performed. Scene raw data can be generated target by target (TBT) and pulse by pulse in 2-D time domain according to the geometry of the SAR system [1] . However, the simulation efficiency is very low, especially when large size of scene is simulated.
There are some classical methods for rapid raw data simulation. Franceschetti et al. [2] [3] [4] had done a lot of work on rapid raw data simulation, and proposed a series of simulator for monostatic SAR raw data simulation. But the simulators involve approximations only acceptable in monostatic SAR case, so it cannot be applied in BiSAR. Through inverse Stolt transform, Qiu et al. [1] realized rapid raw data simulation for monostatic SAR and translational invariant bistatic SAR. However, this method cannot realize 2-D spatial variation simulation for fixed-receiver BiSAR in the presence of time and frequency synchronization errors.
Based on inverse Stolt transform in 2-D frequency domain and phase compensation in range-Doppler frequency domain, a rapid raw data simulation method for fixed-receiver BiSAR with time and frequency synchronization errors is proposed in this paper. This paper is arranged as follows: Section 2 introduces the geometry of fixed-receiver BiSAR with synchronization errors. Section 3 gives the rapid raw data simulation method. Raw data of point target and scene are presented in Section 4 to verify the proposed method. Finally, some conclusions are given in Section 5.
ECHO MODEL
Scene raw data can be generated by the TBT method in time domain according to the geometry of fixed-receiver BiSAR, but it is extremely time consuming. Rapid raw data simulation can be achieved by using frequency domain approach which is based on 2-D frequency spectrum of the system. In this section, we will first introduce the echo model of fixedreceiver BiSAR with time and frequency synchronization errors, and then the 2-D frequency spectrum of the echo is presented. . Then the bistatic range of point target P is described by:
Echo model in time domain
where 0 T R and R R are the minimal range from the point target to the transmitter and the receiver, respectively.
The baseband of the scene raw data with time and frequency synchronization errors can be described by:
where p  is the terrain reflectivity at P , Therefore, raw data simulation for fixed-receiver bistatic SAR with time and frequency synchronization errors can be divided into two steps: First, raw data with linear time and constant frequency synchronization error is generated in 2-D frequency domain. Second, phase noise, constant and random time synchronization errors are introduced by phase multiplication in time domain.
Echo model in 2-D frequency domain
Scene raw data with linear time synchronization error and constant frequency synchronization error can be expressed as 
After 2-D Fourier transform, thus allowing us to obtain:
where f  and a f are the range and frequency variable, respectively.
The phase of (6) can be divided into three exponential parts: the first part is the frequency spectrum of transmitted chirp signal; the second exponential term is the phase related to the azimuth position of P , and the last exponential term shows the phase of 2-D spatial variation in fixed-receiver BiSAR. As can be seen from the last part of (6), the difference in velocity between the transmitter and receiver produces 2-D spatial variation in range and azimuth dimensions. So the phases of R R and 0
T
R cannot be obtained simultaneously in 2-D frequency domain. How to get (6) in 2-D frequency domain is the key problem to realize 2-D spatial variation simulation for fixed-receiver BiSAR system.
RAPID RAW DATA SIMULATION
Rapid raw data simulation for fix-receiver BiSAR system can be divided into two parts: one is simulation of terrain reflectivity; the other is to establish the model of transfer function of SAR system. In this paper, the main work is to establish the model of transfer function of SAR system, which means that we start with a reflectivity map as an input.
Firstly, the terrain reflectivity of the simulated scene is projected to the slant range plane. Then, each sampling point is multiplied by the phase related to bistatic range, so the expression can be written as
After 2-D Fourier transform, the signal can be written as:
where f   and a f  are the azimuth and range frequency variables in 2-D frequency domain, respectively.
The conversion of the inverse Stolt transform is as follows:
Thus allowing us to obtain:
To resolve the range-azimuth frequency coupling of receiver in (10), inverse Fourier transform in range direction is performed. Then the range-Doppler frequency spectrum of (10) can be written as follows:
According to (6) and (11), the additional phase in range-Doppler frequency domain is:
As can be seen from (12), the additional phase   changes slowly with a f . So the additional phase is compensated in range-Doppler frequency domain. Therefore, the proposed rapid raw data simulation method for fixed-receiver BiSAR is described as follows.
(1) According to the geometry of the fix-receiver BiSAR, the surface reflectivity of the scene is projected to the slantrange.
(2) A phase term related to bistatic range is multiplied to the surface reflectivity, which is shown in (7).
(3) After 2-D Fourier transform, the 2-D frequency spectrum of (7) is presented in (8) . (4) The phase of reference point target (13) is multiplied to (8) . The proposed method can be performed along the scheme shown in Fig. 2 . Figure 2 . Scheme of the proposed method.
SIMULATION RESULTS
Several simulations are performed in this section to validate the proposed rapid raw data simulation method. First, raw data of point targets are generated both by the proposed method and the TBT method. Simulation Results are compared to validate the proposed algorithm. Second, scene raw data is generated to test the efficiency of the proposed method.
Point target simulation
The simulation parameters are listed in Table 1 . One point target is located in the center of scene. Random time error 10 Fig. 3(a) and (b) show the amplitude of the echo generated by the TBT method and the proposed method, respectively. Due to the linear time synchronization error, there is an increasing displacement of echoes in range direction along slow time. To compare the detail of the echoes generated by the two methods, the unitary amplitudes of the echoes at some range and azimuth lines are illustrated in Fig. 3(c) and (d) , respectively. In the range dimension, the chirp duration of the proposed method match the chirp duration of the TBT method quite well, in general. The Fresnel undulation of the echoes in the range dimension is caused by multiplying transmit chirp signal in the range frequency domain. In the azimuth dimension, the synthetic aperture time of the proposed method and the TBT method are almost the same. Because of Sinc interpolation in azimuth dimension, the amplitude of the echo generated by the proposed method is deviate from rectangle.
Extended scene simulation
Scene raw data for fix-receiver bistatic SAR is simulated to test the feasibility and efficiency of the proposed raw data simulation method. Simulations results of the proposed method and the TBT method are both presented and analyzed. The size of simulated scene is 1 km×1 km. The scattering coefficient is shown in Fig. 4(a) [7] . Scene raw data are focused by bistatic imaging algorithm [5] . Images with and without synchronization processing [7] are shown in Fig. 4(b) and (c), respectively. From Fig. 4(b) , we can conclude that time and frequency synchronization errors will result unfocused images, drift of radar echoes and displacement of targets. To focus BiSAR raw data, time synchronization compensation techniques must be applied. From Fig. 4(c) , we can see clearly that the images match the simulated scene quite well after time and frequency synchronization. Furthermore, the time consumed by the proposed method in a personal computer (PC configuration: Intel CORE i5, 3.2 GHz, 4 G memory) is only several minutes, which is much less than the TBT method (several thousand minutes). On the whole, the proposed method has high efficiency for scene raw data simulation with time and frequency synchronization errors.
CONCLUSIONS
In this paper, an efficient rapid raw data simulation method for fixed-receiver BiSAR with time and frequency synchronization errors is presented. Based on the 2-D inverse Stolt transform in 2-D frequency domain and phase compensation in range-Doppler frequency domain, the efficiency of scene raw data simulation for fixed-receiver BiSAR is greatly improved. Point target and scene raw data are simulated both by the TBT method and proposed method, respectively. Simulation results prove that the proposed rapid raw data simulation method is much more efficient than the TBT method.
